The objective of this study was to evaluate the effects of heat stress and dietary bacitracin methylene disalicylate (BMD) on growth performance, carcass characteristics, and immunological responses in finishing pigs. Four groups of 32 finishing pigs (n = 128) with initial BW between 80 to 90 kg were used. Pigs were fed a corn-soybean meal-distillers grains-based control or BMD (31.5 mg/kg) diet for a 14-d adaptation period at the thermal neutral temperature (23°C), and continued to be fed their respective diets when exposed to a constant temperature (23°C) or a cyclical heat stress environment (37°C from 1000 to 1900 h and 27°C from 1900 to 1000 h) for a 28-d experimental period. Each group of pigs was housed in 4 rooms, with 2 pens/room and 4 pigs/pen. Saliva samples from each pig were collected on d −1 (initial baseline), 1, 13, and 27 for cortisol analysis. Concentrations of haptoglobin, IL-1β, and tumor necrosis factor-α were determined in serum samples on d −1, 1, 13, and 27. Pigs exposed to heat stress had 31% less ADG (P < 0.001), 23% less ADFI (P < 0.001), 9% less G:F (P < 0.001), and 34% greater average daily water intake (P = 0.03) than those in the non-heat-stress conditions. Dietary BMD tended to reduce ADG (P < 0.07) compared with the control (0.66 vs. 0.73 kg/d, respectively). Heat stress increased (P < 0.05) saliva cortisol on d 1, but no effects were observed on subsequent days. Serum haptoglobin concentrations were greater (P < 0.05) in heat-stressed pigs on d 1, and concentrations tended to remain greater (P < 0.1) on d 13. Pigs fed the BMD diet tended to have a longer villus height (P = 0.07) in the duodenum and greater crypt depths in the duodenum (P = 0.09) and jejunum (P = 0.07). Heat-stressed pigs tended to have a decreased proportion of propionate (P = 0.08), greater acetate:propionate (P = 0.08), and a reduced proportion of valerate (P = 0.02) in the cecum. These results indicate that BMD did not counteract the negative effects of heat stress on growth performance, but BMD appears to increase villus height and crypt depth in the duodenum. Furthermore, heat stress appears to alter VFA production in finishing pigs.
INTRODUCTION
The effects of heat stress on pig growth performance are well documented (Holmes, 1973; Close and Stanier, 1984) . Heat-stressed pigs reduce their feed intake in an attempt to reduce the increase in metabolic heat and maintain body temperature (Christon, 1988) . During thermal stress, the immune system is activated through the hypothalamic-pituitary-adrenal (HPA) axis, resulting in the release of cortisol (Machado-Neto et al., 1987) . Cortisol concentrations can be used as a nonspecific indicator of stress in swine (Sutherland et al., 2007) . Cytokines are signaling proteins produced by stimulated immune cells (Besedovsky et al., 1986) . In humans, serum cytokine concentrations increase during heat stress, and cytokines are used to assess the effects of heat stress on the immune system (Bouchama et al., 1991) . However, no studies have been conducted on cytokine production in swine during heat stress. Haptoglobin (Hp) is the most commonly measured acute phase protein (APP) in pigs (Pineiro et al., 2003) . A previous study using a disease challenge model demonstrated a 20-fold increase in Hp in unhealthy pigs (Pineiro et al., 2003) . This supports the use of Hp as an indicator of immune response.
It is widely known that including subtherapeutic amounts of antibiotic in swine diets improves growth performance (Taylor, 1999) . Bacitracin methylene disalicylate (BMD) is a commonly used antibiotic growth promoter in swine and poultry diets that is not absorbed from the gastrointestinal tract (Huyghebaert and de Groote, 1997) . Dietary zinc bacitracin has been shown to reduce fasting heat production in broilers and layers when housed in a 34°C environment and to improve ADG and G:F in hens by 66.3 and 5.9%, respectively. These data indicate that zinc bacitracin increases the ability of broilers and layers to withstand heat stress (Männer and Wang, 1991) . To date, no published studies have documented the response of finishing pigs fed BMD in a heat-stress environment. The objective of this experiment was to evaluate the effect of BMD on the immunological, gut morphological, and carcass characteristics of finishing pigs fed BMD under heatstress environmental conditions.
MATERIALS AND METHODS
All animal use procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Animals and Housing
A total of 128 finishing pigs were used in this study, and they were terminal offspring of sows (Landrace × Yorkshire, Genetically Advanced Pigs, Winnipeg, Manitoba, Canada) and Duroc boars (Comparts Boar Store, Nicollet, MN). The experiment was conducted at the University of Minnesota-St. Paul Swine Teaching and Research Facility.
Four groups of 32 finishing pigs (16 barrows and 16 gilts/group) with initial BW from 80 to 90 kg were used in this study. Pigs were blocked by initial BW and sex, and blocks were randomly assigned to diets and environmental temperature treatments in a 2 × 2 factorial arrangement. For each group, 4 environmentally controlled rooms were used with 2 pens/room and 4 pigs/ pen. Two replicate pens of pigs (2 barrows and 2 gilts/ pen) were fed a control (CON) or BMD (Alpharma Animal Health, Bridgewater, NJ; 31.5 mg/kg) diet in each group. Pigs were fed their respective experimental diets for a 14-d adaptation period at the thermal neutral temperature (23°C), and continued to be fed their respective experimental diets during a 28-d experimental period, when pigs were exposed to environmental temperature treatments. Pigs were exposed to either a constant thermal neutral temperature (23°C) or cyclical heat-stress conditions (37°C from 1000 to 1900 h and 27°C from 1900 to 1000 h) from d 0 to d 28 after the 14-d adaptation period.
Room temperature and humidity were monitored daily. All pigs were housed in 2.7 × 1.2 m solid concrete floor pens containing 1 self-feeder and a nipple drinker in a watering bowl with a water meter for each pen. The light schedule for environmental rooms was controlled and consisted of 16 h of light and 8 h of dark (2200 to 600 h), using an automatic timer. All pigs were allowed ad libitum access to feed and water throughout the trial and were monitored for health on a daily basis.
Diet Composition and Growth Performance Measurements
Diet composition and nutrient concentrations for each diet are presented in Table 1 . All diets were fed in meal form and were formulated on a standardized ileal digestible (SID) AA and available P basis, and nutrient amounts of the diets met or exceeded NRC (1998) nutrient requirements for pigs with 325 g of fat-free lean gain/d. The distillers dried grains with solubles (DDGS) used in this study was obtained from a modern ethanol plant (Golden Grain Energy, Mason City, IA). The SID AA values for corn and soybean meal were obtained from NRC (1998). The SID AA values for the source of DDGS used in this experiment were 0.47, 0.39, 0.62, and 0.12% for Lys, Met, Thr, and Trp (as-is basis), respectively, and were obtained from a previous study conducted in our laboratory (Urriola et al., 2007) . The value for relative available P of the DDGS was calculated from Whitney and Shurson (2001) . Individual pig BW, pen feed disappearance, and pen water consumption were measured on d 0, 7, 14, and 28 to calculate ADG, ADFI, G:F, and average daily water intake (ADWI) for the experimental period.
Saliva and Blood Sample Collection
Saliva samples were collected from every pig in groups 2, 3, and 4 on 4 collection days: d −1, 1, 13, and 27. Saliva was collected between 1030 to 1200 h proceeding from pen 1 to 8 on all collection days. Salivette with a cotton wool swab (Sarstedt, Aktiengesellschaft and Co., Numbrecht, Germany) was used for saliva collection. Each pig was allowed to chew the cotton swab while it was attached to a flexible thin metal rod for approximate 3 min until the swab was thoroughly moistened. The Salivette with moistened cotton swabs was held at 4°C immediately after collection, and saliva was extracted by centrifugation at 400 × g for 5 min at 4°C, and then frozen at −20°C until cortisol analysis was performed.
Approximately 8-mL blood samples were collected using BD SST* brand serum separation tubes coated with silicone and micronized silica particles (Franklin Lakes, NJ) from 1 randomly selected barrow per pen in each of the 4 groups on the same day after saliva collection, and all samples were collected from the same pigs on each collection day. All blood samples were stored at 4°C overnight before centrifugation at 2,000 × g for 20 min at room temperature. Serum was then removed and stored at −20°C until analysis of Hp, IL-1β, and tumor necrosis factor-α (TNF-α). Blood samples obtained on d −1 were also sent to the Veterinary Diagnostic Laboratory (College of Veterinary Medicine, University of Minnesota-St. Paul) for porcine reproductive and respiratory syndrome, swine influenza virus, and Mycoplasma serology detection to characterize the health status of the pigs used in this study.
Cortisol Analysis
Salivary cortisol concentration was analyzed using a solid-phase cortisol RIA kit (Coat-A-Count TKCO, Diagnostic Products Corporation, Los Angeles, CA) as modified by Ruis et al. (1997) . Briefly, PBS (0.01 M; pH 7.2) was used to prepare a serial dilution of supplied human serum for test standards. Each sample and standard was analyzed in duplicate aliquots of 200 μL. One milliliter of 125 I (provided approximately 90,000 cpm) was added to each tube and mixed with samples or standards, and then incubated for 45 min at 37°C, which allowed the cortisol to bind with its antibody. After incubation, unbound 125 I was aspirated and the remaining radioactivity was quantified using a gamma counter (Packard Instrument Company, Meriden, CT).
The assay was conducted in 2 batches. The intraassay CV was 6.1% and the interassay CV was 8.3%. The recovery percentage of cortisol from the saliva using this method has been reported to be 102%, and the minimal detectable sensitivity of this assay is 0.31 ng/mL (Anil et al., 2007) .
Hp Analysis
The serum Hp concentration was measured using a porcine Hp measurement kit (TP801, Tridelta Development Ltd., Wicklow, Republic of Ireland) consisting of single radial immunodiffusion test plates. Each sample and standard was analyzed in duplicate following the manufacturer's instructions. Generally, 5 μL of diluted serum (1:4) was pipetted into the porcine-specific test well and incubated at room temperature for 48 h. During the incubation, the sample diffused radially from the well into the gel agar plate, where a specific precipitate ring occurred. After 48 h, the plates were removed from the incubator and the diameters of each precipitate ring was measured. The values of precipitate rings of each diameter were plotted on the vertical axis of semilogarithmic graph paper provided in the kit, and the Hp concentration was determined from the horizontal axis. The assay was conducted in 4 batches. The intraassay CV was 8.0%, and the interassay CV was 1.3%. The assay sensitivity for Hp was 50 μg/mL according to the kit manufacturer.
Analysis of Circulating Cytokines
Serum concentrations of circulating IL-1β and TNF-α were assayed using commercial ELISA kits specific for porcine IL-1β and TNF-α (Quantikine, R&D Systems, Minneapolis, MN), following the manufacturer's instructions. Each sample and standard were analyzed in duplicate. Both assays were conducted in 1 batch. The interassay CV for IL-1β and TNF-α were 8.9 and 7.3%, respectively. The assay sensitivities for IL-1β and TNF-α in this single assay were 10 and 5 pg/mL, respectively.
Small Intestinal Morphology
Small intestinal tissues were collected at slaughter from each pig in group 4. After the pigs were euthanized, the viscera were removed and immediately put on ice. The small intestine was separated from the stomach at the pyloric junction, and from the large intestine at the ileo-cecal junction. A 6-cm section of the small intestine was cut longitudinally at 25, 50, and 75% of the small intestine length, which represented the duodenum, jejunum, and ileum sections of the small intestine, respectively. All sections were flushed with cold saline to remove digesta, and the 2 ends were tied by string. A 5-mL quantity of 10% neutral buffered formalin was injected into each section, and all samples were stored in 10% neutral buffered formalin. Tissue processing was conducted by the Cancer Center Histo- 3 ME values were calculated using NRC (1998) values for corn and soybean meal and 3,330 kcal/kg for DDGS. 4 Calculated with analyzed Ca and P and relative P availability in DDGS from Whitney and Shurson (2001). pathology Core Facility (University of Minnesota, MN). Samples were sectioned at 6-μm intervals, stained with eosin and azur A, and mounted on glass slides. Villus height and the associated crypt depth were measured by microscope at 10× magnification. Four photos were taken for each slide, and the average values from 10 measurements of the most regular villi and their associated crypts were used to calculate the average length measurements. In addition, villus height:crypt depth (VCR) was calculated.
Carcass Measurements
At the end of each trial, pigs were slaughtered at the University of Minnesota Meat Laboratory on the St. Paul campus in a single day. All pigs were weighed individually 1 d before slaughter to obtain BW. For the first 3 groups, HCW was measured online immediately after slaughter, with the head, skin, and feet remaining on the carcass, and HCW was adjusted to a head-off, skin-on basis by multiplying by 0.95 (National Pork Producers Council, 2000) . One day after slaughter, the skin-on 10th-rib backfat depth was measured in the cooler with a ruler. For the fourth group, the procedure was modified because small intestine samples were collected immediately after pigs were slaughtered. Hot carcass weight was measured online with the head off, skin off, and feet off, and the head, skin, and feet of each carcass were weighed together in a container. Hot carcass weight was adjusted to a head-off, skin-on basis by adding the weight of the head, skin, and feet and then multiplying by 0.95 (National Pork Producers Council, 2000) . The 10th-rib backfat depth for these carcasses was measured the next day after skin removal, and was adjusted to a skin-on basis by adding 2.54 mm to the fat depth of the skinned carcass (National Pork Producers Council, 2000) . Dressing percentage was calculated using the HCW, which was adjusted to a headoff, skin-on basis. The BW obtained at the barn 1 d before slaughter was used as the BW when calculating the dressing percentage. Kilograms of carcass fat-free lean were calculated by using the following equation, which was converted to metric units: 
Digesta Sample Collection and VFA Analysis
Digesta samples from the cecum were collected at slaughter from 32 pigs (1 pig/pen) for analysis of VFA concentration. Samples were collected from the same pigs used for saliva and blood sample collection. Sample preparation methods and analytical procedures were as described by Goetsch and Galyean (1983) . Briefly, for each sample, approximately 30 mL of digestive fluid was strained through 4 layers of cheesecloth into a container. Two 5-mL subsamples were transferred and mixed well with 1 mL of 25% meta-phosphoric acid in new tubes. All tubes were stored at −20°C until VFA analysis was conducted. Before the analysis, all samples were thawed and centrifuged at 5,000 × g for 5 min at room temperature. The centrifugation process was repeated 3 times until a clarified digestive fluid was obtained.
The VFA were analyzed using a gas chromatograph (model 6890, Hewlett-Packard, Palo Alto, CA) with a column (4% Carbowax 20M80/120 Carbopack B-DA column, Supelco, Bellefonte, PA), using oxalic acid as the internal standard. Generally, 1 mL of distilled water was added to 0.5 mL of digesta sample and mixed, and 1 mL of this mixture was transferred to a new test tube. The pH of this solution was adjusted to be between 6 and 7 by the addition of 4 N KOH. Then 0.1 mL of 0.3 M oxalic acid was added to the solution to achieve a final sample concentration of 0.03% oxalic acid. All samples were analyzed by gas chromatography in 1 batch. The average value of 2 samples from the same pig was used for statistical analysis.
Statistical Analysis
All data were analyzed using the MIXED procedure (SAS Inst. Inc., Cary, NC) to evaluate the main effects of environmental temperature and dietary BMD and any 2-way interactions. Analysis of variance was conducted for this complete 2 × 2 factorial arrangement. The pen was used as the experimental unit for all responses. The statistical model included the fixed effects of dietary treatment, temperature treatment, and diet × temperature interactions. Group was used as a covariate for all these responses if it was significant (P < 0.05). Initial BW on d 0 and BW at slaughter were used as the covariates in analysis of growth performance and carcass characteristics, respectively. The initial concentrations of Hp, IL-1β, TNF-α, and cortisol on d −1 were used as covariates in analysis of these physiological measurements. Repeated measures in time were used to analyze weekly growth performance and immune system measurements on d −1, 1, 13, and 27. The unstructured option was used to fit a variance-covariance matrix in the model for repeated measures in time. The slice option of SAS was used to separate main effects within different time periods. All results are reported as least squares means. Multiple comparisons among treatments were performed using the Tukey adjustment option of SAS. The significance level chosen was α = 0.05. Treatment effects were considered significant if P < 0.05, whereas values between 0.05 ≤ P ≤ 0.10 were considered statistical trends.
RESULTS AND DISCUSSION

Thermal Stress
To create a severe heat-stress condition for finishing pigs, the temperature of heat-stress rooms was set at 37°C from 1000 to 1900 h during the daytime and was reduced to 27°C from 1900 to 1000 h during the nighttime. The temperature and humidity of each room were monitored daily throughout the experimental period. The average daily low and high temperatures and relative humidity values for each group and overall are shown in Table 2 . The desirable temperature range is 10 to 24°C for finishing pigs (55 to 110 kg) reared in groups and provided ad libitum access to feed (Pond and Maner, 1984) . Verstegen and Close (1994) reported that the upper critical temperature (UCT) for finishing pigs is 28.5°C. In the current study, pigs housed in hot rooms were considered to be heat stressed because both the designed (37°C) and actual (40°C) highest air temperatures for the heat-stress rooms during the day exceeded the desirable temperature range (10 to 24°C) and were greater than the upper extreme for finishing pigs (28.5°C; Verstegen and Close, 1994) .
Pigs exposed to a hot ambient environmental temperature acclimate by increasing heat loss and decreasing heat production to maintain homeothermy (Collin et al., 2001 ). However, because of their limited capacity to lose body heat by evaporation, adaptation to heat stress is mainly a function of the ability of the pig to reduce heat production. Because eating, digestion, and nutrient absorption all generate heat, pigs reduce feed intake and increase water consumption in an attempt to reduce the heat increase (Christon, 1988) . Kouba et al. (2001) reported decreased voluntary feed intake and growth when ambient temperatures were above 23.9°C for finishing pigs. More recently, White et al. (2008) observed that ADG and ADFI of growing-finishing pigs were reduced when housing density was decreased from 0.93 to 0.66 m 2 /pig in both heat-stress (32.2°C) and non-heat-stress (23.9°C) conditions. This observation demonstrated that greater animal density could negatively affect pig growth performance in a heat-stress environment.
Growth Performance
During the 14-d adaptation period, when all pigs were housed under a thermal neutral environment, no dietary treatment effects were observed for ADG, ADFI, and G:F (data not shown). For the duration of the 28-d experimental period, when heat stress was imposed, pigs housed in heat-stress conditions had significantly less ADG (P < 0.001), ADFI (P < 0.001), and G:F (P = 0.001) and greater ADWI (P = 0.03) than pigs housed in the thermal neutral environment (Table  3) . Pigs fed the BMD diet tended to have less ADG (P = 0.07) compared with those fed the CON diet. However, no dietary treatment effect was observed for ADFI, G:F, and ADWI. Initial BW on d 0 was not affected by treatments, whereas final BW on d 28 was less (P < 0.001) for pigs housed under heat-stress conditions, and those fed the BMD diet tended to have lighter (P = 0.07) final BW compared with those fed the CON diet.
Over the entire experimental period, pigs reared under the heat-stress conditions grew 31% slower, ate 23% less feed per day, gained 9% less BW per unit of feed intake, and had 37% more water consumption than pigs reared under the thermal neutral environment. These detrimental effects of heat stress on the growth performance of finishing pigs are similar to those reported in several published studies (Christon, 1988; Kouba et al., 2001; Spencer et al., 2005) . Reductions in ADFI under heat-stress conditions are not linear and are dependent on BW, with high temperatures having a more negative effect on pigs with heavier BW than those with lighter BW (Quiniou et al., 2000) . For example, Le Bellego et al. (2002) observed a 15% reduction in ADFI for 24-to 59-kg growing pigs housed in a 29°C environment vs. a 22°C environment, whereas Stahly and Cromwell (1979) observed a greater (19%) reduction in ADFI in 28-to 64-kg growing pigs at a greater environmental temperature (35°C). The heavier (96-to 121-kg) finishing pigs used in the current study experienced an even greater (23%) reduction in ADFI when subjected to heat stress (37°C) compared with pigs in the thermoneutral environment (23°C). This observation was consistent with the concept that UCT decreases as pig BW increases (Cassady et al., 1999) ; therefore, heavy pigs are more susceptible to heat stress and are more likely to have a greater reduction in ADFI during heat stress.
In the present study, the negative effect of heat stress on G:F disagrees with results from other studies in which heat stress had no effect (Lopez et al., 1991; Xin and DeShazer, 1991; Le Bellego et al., 2002) . The magnitude of response in G:F resulting from heat stress may be associated with the degree in the reduction of feed intake experienced by the heat-stressed (2002) reported a 15% reduction in feed intake but similar feed efficiency between pigs housed under heat-stress and thermoneutral conditions. In contrast, Collin et al. (2001) and Nienaber et al. (1987) reported poorer feed efficiency for pigs housed under heat-stress conditions. However, the pigs in these 2 studies experienced more severe (25 and 30%, respectively) reductions in feed intake than the 23% ADFI reduction of the pigs in the current study. Nichols et al. (1982) and Nienaber et al. (1987) concluded that reduced feed efficiency observed in heat-stressed pigs occurred at a higher environmental temperature than the temperature that tended to reduce feed intake (30 vs. 25°C). When comparing moderate-lean-growth and high-lean-growth swine genotypes, Nienaber et al. (1997) reported that UCT thresholds were approximately 4°C less for the high-lean-growth genotypes, which meant high-lean-growth pigs were more sensitive to heat stress. In the same study, they observed a dramatic reduction in growth rate and feed conversion for the high-lean-growth genotypes when exposed to moderate heat stress. However, feed conversion was not affected for the moderate-lean-growth genotypes because the growth rate was reduced in proportion to the decrease in feed intake. In addition, Stahly and Cromwell (1979) proposed that the decreased efficiency of energy and other essential nutrient utilization in heat-stressed pigs may explain the reason for the observed reduction in feed efficiency. For example, pigs adapt to a hot environment by panting, which increases energy loss (Ames, 1980) . Results from other studies showed that reductions in energy efficiency and feed utilization were more apparent for heat-stressed pigs offered ad libitum access to feed compared with restricted-fed pigs (Le Dividich et al., 1987; Christon, 1988) . It should be also noted that in the current study, growth performance traits were compared using a constant time period, not a constant final BW. Pigs housed in the heat-stress conditions had a lighter final BW (112 vs. 120 kg) compared with pigs housed in the thermal neutral environment. However, we did not observe an improvement in G:F for heat-stressed pigs because of a lighter final BW. The growth promotion benefits from diet supplementation with subtherapeutic doses of antibiotics to pigs have been well documented (Centre for European Agricultural Studies Consultants, 1991; Taylor, 1999) . However, in the current study, adding 33 mg/kg of BMD to the diet failed to improve the ADG, ADFI, or G:F of finishing pigs under either heat-stress or thermoneutral conditions. Pigs fed the BMD diet tended to have reduced ADG and final BW. However, no differences (P > 0.16) were observed in slaughter weight or HCW of pigs fed the CON or BMD diet. The magnitude of response to antibiotic growth promoters is influenced by many factors, including age, growth rate, health status of the pigs, and housing environmental conditions (Avcare, 2003) . Although the enteric health status of pigs was not determined in this study, we did not observe any abnormal behavior or disease-related signs, such as diarrhea, coughing, or vomiting, throughout the entire experimental period. From a respiratory standpoint, 1 pig/pen (n = 32) was tested and found to be free of porcine reproductive and respiratory syndrome, swine influenza virus, and Mycoplasma at the beginning of each trial. Therefore, the pigs used in this experiment were considered to have a high health status. Pigs with high health status and increased growth rate have minimal, if any, response to antibiotic growth promoters compared with pigs with poor health status and reduced growth rate (Avcare, 2003) . As a result, supplementation of BMD may not provide noticeable benefits when measured by pig growth performance variables.
The response to growth promoters also varies with the age of animals. The pigs used in this study were late-finishing pigs weighing from 96 to 121 kg. In a study by Hays (1979) , supplementation of BMD in the diet improved ADG by 9.7, 5.1, and 2.5% for nursery, growing, and finishing pigs, respectively, indicating that the response to growth promoters was greater in younger and lighter pigs than in more mature and heavier pigs. The growth-enhancing benefits of antibiotics are also more pronounced in unsanitary environments with a high pathogen load compared with more sanitary, highhealth environments (Cromwell, 2001) . Melliere et al. (1973) reported greater advantages in pig ADG (5.7 vs. 1.7% improvement) and feed efficiency (4.7 vs. 0.3% improvement) under field studies compared with studies conducted at research stations when tylosin was added in swine diets. Cromwell (2001) concluded that responses to antibiotic growth promoters under farm conditions may be twice as great as those observed on a research station, where the facilities are generally cleaner, with less disease load and a more comfortable environment. In this study, pigs were housed in a secluded research station, which provided a very high-health environment and reduced pathogen exposure. The high health status, clean research facility environment, and near slaughter weight (96 to 121 kg) experimental period of the pigs used in this study combined to create an environment where a positive growth performance response to BMD was not observed.
Carcass Composition
Dressing percentage, 10th-rib backfat depth, LM area, and carcass lean yield percentage were not influenced by either temperature or dietary treatment (Table 4 ). The slaughter weight of pigs housed in heat-stress conditions was reduced by 7% (P < 0.001) compared with pigs housed in the thermal neutral environment, with an average of 116.5 and 125.8 kg, respectively. This also resulted in a 6% reduction (P < 0.001) in HCW when comparing heat-stressed pigs with non-heat-stressed pigs. Previous studies evaluating the effect of high ambient temperature on carcass characteristics have shown inconsistent results (Christon, 1988; Becker et al., 1992; Lopez et al., 1994) . One of the reasons for this inconsistency may be due to the differences in BW at slaughter between heat-stressed and non-heat-stressed pigs. For example, results from some studies have shown that backfat was greater in pigs housed in heat-stress conditions compared with a non-heat-stress environment when pigs were slaughtered at a similar BW (Noblet and Le Dividich, 1982; Close and Stanier, 1984; Kouba et al., 2001 ). However, others have reported less or unchanged carcass fatness of heat-stressed pigs when pigs were slaughtered at a constant time period, which these authors attributed to the lighter BW of the heat-stressed pigs (Nienaber and Hahn, 1983; Giles et al., 1988; Rinaldo and Le Dividich, 1991) . These results agree with the response of pigs in the current study, in which no difference in backfat thickness was observed between heat-stressed and non-heat-stressed pigs. Prolonged exposure to a hot environment has been shown to influence internal organ weight in pigs (Nienaber and Hahn, 1983) . Because of the reduced feed intake, the internal organ mass (including the liver, kidneys, and digestive tract) has been shown to be reduced at high environmental temperatures, resulting in an improvement in carcass dressing percentage (Nienaber and Hahn, 1983; Lefaucheur et al., 1991) . However, dressing percentage also increases with pig BW. Therefore, in the current study, dressing percentage was similar between heat-stressed and non-heat-stressed pigs because of a lighter BW at slaughter for heat-stressed pigs.
Salivary Cortisol
Salivary cortisol concentrations on d −1 (baseline), measured 1 d before the heat-stress conditions were imposed, were 21% less (P = 0.02) for pigs fed BMD compared with those fed CON (Figure 1 ). On d 1, after heat stress was imposed for 24 h, a dramatic increase in saliva cortisol was observed in pigs in the heat-stress environment, which was shown to be 71% greater (P = 0.02) than that of pigs in the thermal neutral environment. Saliva cortisol concentration did not differ between temperature treatments on d 13 and 27. No effects of dietary BMD on salivary cortisol concentration were observed on d 1, 13, and 27. Changes in the concentration of plasma cortisol, in response to an activated HPA axis, have often been used as a major physiological indicator of stress in pigs (Ruis et al., 1997) . After the stimulation of a stressor, the HPA axis is activated, resulting in increased corti- cotrophin-releasing hormone and increased synthesis of ACTH in the pituitary gland, which in turn, stimulates the release of cortisol from the adrenal cortex into the blood (Dantzer and Mormede, 1983) . Heat stress can increase plasma cortisol concentration in pigs (Becker et al., 1985; Machado-Neto et al., 1987; Hicks et al., 1998) . However, plasma cortisol concentrations change rapidly in response to a stressor (Sorrells et al., 2007) . In this study, saliva, instead of blood, was collected for cortisol measurements because collection of saliva for cortisol analysis is an effective technique that causes minimal pain and distress to pigs, with no need for restraint (Parrott et al., 1989; Ekkel et al., 1996) . Additionally, in the current study, all saliva samples were sequentially collected in the morning between 1030 and 1200 h from pens 1 to 8 to control the potential effects of circadian rhythms on cortisol measurements. Previous studies demonstrated that the concentration of cortisol in pigs is greater in the morning, especially late morning, than in the afternoon and evening for both blood (Klemcke et al., 1989; Griffith and Minton, 1991; Janssens et al., 1995) and saliva (Ekkel et al., 1996) . The increased cortisol concentration observed in heat-stressed pigs is consistent with several published studies (Becker et al., 1985; Machado-Neto, et al., 1987) indicating that the HPA axis is activated by heat stress. The HPA axis plays an important immunomodulatory role during a stress response (Bailey et al., 2003) . Physiological concentrations of endogenous cortisol have positive effects on various aspects of the immune response (Wilckens and De Rijk, 1997) . However, many factors, such as the length of time the stressor is applied, could influence the response of the circulating cortisol concentration to heat stress in pigs and thus lead to inconsistent results (Ruis et al., 1997) . In a recent study by Sutherland et al. (2007) , plasma cortisol concentration was less in nursery pigs housed at 32°C compared with those housed at 24°C on d 14. Suppressed cortisol concentrations, along with decreased ACTH concentrations in chronically heat-stressed pigs, were also observed in other studies (Marple et al., 1972; Heo et al., 2005) . This indicates that the reduced concentration of cortisol might be due to decreased adrenal responsiveness to ACTH, increased turnover of plasma cortisol, or both. Moreover, Pitman et al. (1988) pointed out that repeated exposure to the same stressor could reduce the responsiveness of the HPA axis to stress. In the current study, the cortisol concentration of heat-stressed pigs appeared to peak on d 1, and then returned to a concentration similar to that of non-heat-stressed pigs on d 13 and 27. This observation indicates that cortisol can be used as an indicator of acute heat stress, but may not be a good indicator of chronic heat stress in finishing pigs.
Serum Hp
In this study, the serum Hp concentration was measured from 1 pig/pen for each group on d −1 (baseline), 1, 13, and 27. On d 1, pigs housed under heat-stress conditions had an increased (P = 0.04) concentration of serum Hp, which was 47% greater than that of pigs housed in the thermal neutral environment (Figure 2) . However, on d 13, the concentration of serum Hp in heat-stressed pigs was reduced, and there was only a trend for those pigs to have a greater Hp concentration During stress and immune system activation, various APP are produced by the liver (Sánchez-Cordón et al., 2007) . Changes in concentrations of APP in the serum can be used as an indicator of a physiological insult, subclinical or clinical disease, or both, and are commonly used for evaluating the general health status of animals and humans (Eurell et al., 1992; Grellner et al., 2002; Sánchez-Cordón, et al., 2007) . Among several APP, Hp is the most commonly measured APP in pigs and is a useful marker of stress and pathological challenges (Pineiro et al., 2003) . Results from previous studies have shown that in disease challenge models, serum Hp can increase from 2 to 20 times the concentrations found in healthy pigs (Pineiro et al., 2003) . This indicates that serum Hp can be a useful indicator of immune system status.
Increased serum Hp concentration has also been shown to be an effective indicator of several stressors in pigs (i.e., pathological challenges; Francisco et al., 1996; Knura-Deszczka et al., 2002) , such as diseases caused by viruses (Asai et al., 1999; Amory et al., 2007) , housing stress (Sorrells et al., 2007) , social stress (Sutherland et al., 2007) , and shipping stress (Hicks et al., 1998) . However, little research has been conducted to evaluate whether measuring serum Hp is an effective means of assessing the immune status of swine in response to heat stress. In the current study, the greatest concentration of serum Hp was observed on d 1 in heat-stressed pigs, indicating that acute heat stress could effectively activate the immune system. During the next days, pig serum Hp gradually returned to concentrations similar to those of CON pigs, indicating a reduction in immune system activation. The reduced concentrations of serum Hp, combined with decreased concentrations of salivary cortisol found on d 13 and 27 of the pigs in the current study, indicate that the immune system appears to adapt to chronic and repeated heat stress. This statement is supported by results from a previous study by Beisel (1977) , who reported that Hp could promote the adaptive response of an animal for survival.
Serum Cytokines
When an animal is challenged with a stressor or pathogen, cytokines, such as IL-1β and TNF-α, are released by immune cells (Paez-Pereda and Stalla, 2005) . Results from a previous study have shown that stress increases plasma concentrations of cytokines (Abraham, 1991) . However, no published studies have evaluated whether heat stress could affect the production and release of cytokines in swine housed in heat-stress conditions.
In this study, serum IL-1β and TNF-α concentrations were measured from 1 pig/pen of each group on d −1 (baseline), 1, 13, and 27 to evaluate the effects of heat stress and dietary BMD on circulating cytokine concentration. Only 8 pigs fed the CON diet and 5 pigs fed the BMD diet had detectable concentrations of serum IL-1β (>10 pg/mL) throughout the entire experimental period (data not shown). These results indicate that pigs fed the BMD diet may have a decreased incidence of detectable concentrations of serum IL-1β. Neither heat stress nor dietary BMD affected serum TNF-α concentration on any sampling day (Figure 3) . The unchanged serum TNF-α concentration in response to heat stress observed in this study is inconsistent with results from a previous human study by Bouchama et al. (1991) , who observed increased concentrations of blood TNF-α in acute heat stroke patients. Serum TNF-α might also be expected to be increased in heatstressed pigs because their immune system was clearly stimulated, as reflected by their increased serum Hp concentrations. It has been documented that APP and cytokine concentrations coincide with one another (Williams et al., 1997) . However, this observation is inconsistent with the results of our study. Because heatstressed pigs were shown to have a greater salivary cortisol concentration in this study, a possible explanation for the unchanged TNF-α in response to heat stress is the immunosuppressive effect of cortisol, which may inhibit the production of inflammatory cytokines (PaezPereda and Stalla, 2005) .
Hindgut VFA
The influence of heat stress on VFA production has been well documented in ruminants (Kelley et al., 1967; Knapp and Grummer, 1991) . Generally, VFA production declines in ruminants exposed to heat stress as a result of reduced feed intake. However, no research results have been reported that have measured these effects in swine. In the current study, total VFA content was not affected by temperature treatments (Table  5 ). This observation is inconsistent with the hypothesis that the total VFA concentration in the cecum may be reduced for pigs housed under heat-stress conditions because of the reduction in voluntary feed intake. The molar proportion of propionate tended (P = 0.08) to be less (by 12%) for pigs in the heat-stress treatment compared with the non-heat-stress treatment. The change in propionate concentration led to a trend (P = 0.08) for a 19% increase in the A:P. This observation is consistent with results from a previous ruminant study by Kelley et al. (1967) , who observed a reduction in propionate and an increase in the A:P in Holstein cows as the temperature increased from 1.6 to 37.7°C. The reduced concentration of propionate and increased A:P observed in this study indicate that heat stress might alter the microbiological ecology in the cecum, resulting in a reduced gram-negative population and shifting the A:P toward less propionate production. The molar proportion of valerate relative to total VFA was reduced by 21% in the heat-stress treatment (0.60 mol/100 mol) compared with the non-heat-stress treatment (0.76 mol/100 mol; Table 5 ). This observation is inconsistent with some published ruminant studies, which showed that the valerate proportion of total VFA was unaffected by heat stress (McDowell, 1972; Knapp and Grummer, 1991) . The differences in responses might be due to the differences in gut microflora populations and diet composition between cattle and pigs. Additionally, in the current study, inclusion of 33 mg/kg of dietary BMD did not influence total VFA or molar proportions of VFA in the cecum of finishing pigs, indicating that adding 33 mg/kg of BMD in the diet may not modify the population and activity of cecum microflora, such as Fibrobacter succinogenes and Ruminococcus flavefaciens, which are the main cellulolytic species producing VFA in swine (Grieshop et al., 2000) . Further research is needed to better understand the effects of heat stress on hindgut VFA production.
Small Intestine Morphology
Villus height, crypt depth, and VCR are general measures of small intestinal morphology. Pigs fed the BMD diet tended to have longer (P = 0.07) villi (+10%) and greater (P = 0.09) crypt depths (+10%) in the duodenum than pigs fed CON (Table 6 ). The VCR did not differ between dietary treatments in the duodenum.
When villus height, crypt depth, and VCR were measured in the jejunum, pigs fed BMD tended to have a greater (P = 0.07) crypt depth (+16%) than those fed the CON diet. However, villus height and VCR did not differ between dietary treatments. In the ileum, dietary treatments did not alter villus height, crypt depth, and VCR.
The published data reporting the effects of dietary bacitracin on villus height and crypt depth have been inconsistent. In a recent study by Yang et al. (2007) , chickens fed zinc bacitracin for 35 d had greater jejunal villi than the control group. However, in another poultry study by Leeson et al. (2005) , villus height of broiler chickens was not affected by dietary BMD, whereas BMD reduced duodenal villus crypt depth. No data have been published regarding the effects of feeding bacitracin under heat-stress conditions on villus height Sections of samples obtained at 25, 50, and 75% of the small intestine from the proximal end, which represented the duodenum, jejunum, and ileum, respectively. and crypt depth in swine. Moran (1982) suggested that longer villi are associated with a larger absorptive surface in pigs. In the present study, villus height in the duodenum tended to increase in pigs fed BMD, indicating that BMD might be beneficial to villus development in pigs.
In the present study, villus height, crypt depth, and VCR of the duodenum, jejunum, and ileum of pigs exposed to heat stress were unaffected by environmental temperature. In our review of the literature, we found no published reports on the effect of heat stress on the villus height and crypt depth of the small intestine of pigs. In a previous study in quail, Sandikci et al. (2004) reported shorter villus heights in the duodenum, jejunum, and ileum of quail exposed to heat stress compared with those of the control group. The authors suggested that the decrease in height of the villi of quail under heat-stress conditions could be the result of decreased feed intake because decreased villus height was also found in chickens after a 3-d starvation period (Shamoto and Yamauchi, 2000) or feed withdrawals (Tarachai and Yamauchi, 2000) . However, we did not observe a reduction in villus height resulting from heat stress of finishing pigs in the current study.
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